Abstract-A wavelength monitor based on a pair of tilted fiber Bragg gratings is reported. The monitor exhibits a subpicometer wavelength selectivity over a broad wavelength range (>30 nm), and a low insertion loss (<1 dB) for laser light with polarization matching the reference polarization of the device. Simulations show that a wavelength coverage up to 100 nm is possible and that the resolution degradation due to changes in the polarization state can be avoided by proper design of the gratings.
W
ITH increasing complexity of all-optical routing systems, the self-controlled optical network is a promising solution for managing the quality of propagating data signals [1] . The future wavelength-division-multiplexed systems demand narrower channel spacing (typically 25 GHz) but also a wider operating bandwidth. At the present, the use of EDFA limits the full potential bandwidth of silica transmission fiber to the -and -band. The future use of multiple pump Raman amplification pushes the useable wavelength bandwidth to values larger than 100 nm [2] , [3] . Handling these novel networks over a wider coverage of emission wavelength in a robust manner calls for an increase use of performance wavelength monitoring devices. These monitors should isolate a specific cause and location of a signal deterioration. So far, several passive wavelength monitoring techniques have been reported [4] - [6] . However, only an in-fiber wavelength monitor enables us to sense the wavelength that is launched into the fiber network.
Recently, in-line fiber spectrometers based on tilted fiber Bragg gratings (TFBGs) [7] - [10] have been reported. TFBGs have the ability to diffract light out of the fiber core in a dispersive way. The scattered wavelength bandwidth is directly determined by the tilt angle of the grating. An index matching material is used to retrieve light out of the fiber cladding. The scattered light from several wavelength channels is simultaneously detected on single successive detectors [7] or may be focused onto an array of photodiodes [8] , [9] . Wavelength selectivities of 7 nm [7] and 0.1 nm [8] have been reported, respectively. To achieve a higher wavelength selectivity, devices with more than one TFBG have been proposed. with a maximum wavelength resolution of 1.5 pm [9] for a 14-mm-long grating. However, the fundamental wavelength resolution of this device is inversely proportional to the length of the fiber Bragg grating (FBG). Mahgerefteh et al. [10] , reported about a single wavelength locker fabricated in a polarization-maintaining (PM) fiber. It combines two TFBGs and an FBG that has a strong reflection peak. The new challenge is to design performance wavelength monitors that are compact, inexpensive, easily deployable over the network, and that enable us to cover the entire communication band ( -, -, or -band) or even more. In this letter, we propose the use of an identical wavelength monitor for any channel over a wide bandwidth with low loss. Based on the ratio of two TFBG spectra with wavelength dependencies of opposite signs, a wavelength monitor has been realized that has a high selectivity ( 1 pm) and a low insertion loss over a communication band of more than 30 nm [11] . If the polarization state if fixed, the limit in terms of wavelength range and selectivity is given by the signal-to-noise ratio (SNR) of the detection unit. If the polarization state varies, the limits are given by the polarization dependency of the tilted gratings. Simulations show that it is possible to extend the wavelength coverage over 100 nm.
II. EXPERIMENT
Two TFBGs have been fabricated in H -loaded single-mode fibers (SMF-28) using the phase-mask technique and a 244-nm continuous-wave laser source. The fiber gratings have been subsequently annealed for three days at 80 C to insure that the H molecules have completely diffused out of the fiber and that the gratings are stable over time. Both TFBGs have almost the same insertion loss and full-width at half-maximum (FWHM), but their maxima are separated by more than their FWHM by using two phase masks with different pitch ( nm, nm). As illustrated in Fig. 1 , the first grating is tilted by an angle of , whereas the second is tilted by an angle of so that light is scattered Solid curves represent the calculated ratios of both signals that are highly wavelength-selective. In addition, the ratio is independent of laser power fluctuations. This is verified by the measurement of the two tap signals versus the injected power as shown in Fig. 3 for a fixed wavelength nm . Both tap signals are proportional to the laser power launched into the fiber core while the calculated tap ratio is constant. This enables a direct discrimination between power fluctuations and wavelength drift, since in the case of a wavelength change, the tap signal changes are of opposite signs. Hence, the ratio of both tap signals is only wavelength-dependent. It is unity at and increases exponentially towards the edges of BW . The useful wavelength range BW is comprised between the two tap maxima which is in this case 1500-1530 nm. The wavelength-selectivity range from 0.6 dB/nm at to 1.5 dB/nm at the maximum of the tap signal. The performance of the wavelength monitor was evaluated in the vicinity of , where both tap signals have the same value and the tap ratio varies linearly around unity as illustrated in Fig. 4 . The state-of-polarization of the injected signal was fixed and the SNR ratio of the detection system was 36 dB. Each point is an average of 100 measurements taken over 5 min and error bars represent the calculated variance. The measurements show a wavelength sensitivity at a subpicometer level. The signal deviation can be explained by the temperature fluctuations measured during the experiment ( 0.03 C). As the temperature increases, the wavelength scattered by the gratings shifts accordingly due to the temperature dependency of the silica. The temperature swing typically corresponds to a wavelength shift of 0.3 pm and thus leads to slightly different tap ratios.
IV. SIMULATION

A. SNR Optimization
Broadening the wavelength bandwidth BW can be realized either by increasing the grating pitch difference or by increasing the grating tilt angle
. In order to quantify the maximal wavelength bandwidth the device can cover, simulations have been undertaken for grating pitch differences ranging from 1 to 80 nm and pairs of shifted spectra with identical tilt angles ranging from 5 to 25 . Twenty-five degrees is the limit for keeping the same device arrangement as illustrated in Fig. 1 with the detector placed perpendicularly to the fiber axis. Spectra have been modeled by the free-space mathematical formalism reported in [12] in the approximation of an infinite cladding that relates to the experimental use of index matching means at the cladding-air interface. Fig. 5 shows the calculated BW as a function of the tilt angle for different wavelength selectivities at . With increasing bandwidth, the wavelength selectivity of the tap ratio is reduced. This can be compensated by a higher SNR.
The -band (35 nm) can be entirely covered for low tilt angles between 10 and 15 , with a high wavelength slope ( 1 dB/nm) and a low SNR ( 36 dB). These specifications correspond to the device characterized in this work. When increasing both the SNR up to 43 dB and the tilt angle up to 25 , the device presents a promising wavelength coverage close to 100 nm.
B. Polarization Dependency
To avoid the polarization dependence issue, the devices reported in [7] and [10] have been realized in PM-fibers. As reported by Li et al. [13] , tap devices in a standard single-mode fiber show polarization-dependent scattering (PDS). However, the PDS of the ratio of two grating taps PDS can be smaller than that of a single tap. It is defined as (1) with where is the tap efficiency for a linear -and -polarized laser light and . It results from (1) that the polarization dependencies of the first grating in the sequence (PDS and PDL ) partially compensates the PDS of the second grating. Therefore, using a pair of gratings with an identical tilt angle lowers significantly the PDS . In our case, this reduces the PDS from 0.44 dB to a PDS of 0.045 dB at . That yields to a minimum wavelength resolution of 75 pm at . However, it is possible to fine tune this polarization dependency by either increasing the length or the index modulation of the first grating. This increases the polarization-dependent loss (PDL) [14] while the PDS remains the same. Although it remains a technical challenge, it is theoretically possible to cancel the polarization dependence at by increasing the length of the first grating from 500 to 620 m for a constant index modulation.
V. CONCLUSION
We reported a monitoring scheme based on a highly integrated pair of tilted gratings fabricated in standard telecom fibers. Limitation in terms of wavelength range and wavelength selectivity have been identified and calculated. Temperature controlled, our device combines high wavelength selectivity and a broad wavelength range. Besides, the high integrability of the device can be exploited for high-speed monitoring of the wavelength of a tunable laser over its entire wavelength range.
